Paclitaxel is the most frequently used therapy regimen for triple-negative breast cancer (TnBc). However, chemoresistance frequently occurs, leading to enhanced failure rates of chemotherapy in TnBc; therefore, novel biological therapies are urgently needed. Gambogic acid (Ga) has potent anticancer effects and inhibits tumor growth in several types of human cancer. However, the effects of Ga on paclitaxel-resistant TnBc remain unknown. in the present study, the cell counting Kit-8 assay was used to examine the effect of Ga and/or paclitaxel on the viability of TnBc cells; flow cytometry was used to examine the effects of GA on cell apoptosis; and western blotting and reverse transcription-quantitative Pcr were used to determine the effects of Ga on the expression of sonic hedgehog (SHH) signaling pathway target genes. The present results indicated that Ga significantly inhibited the viability and enhanced the rate of apoptosis in paclitaxel-resistant Mda-MB-231 cells via activating the SHH signaling pathway. In vivo experiments confirmed that Ga treatment enhanced the sensitivity of Mda-MB-231 cells to paclitaxel via the SHH signaling pathway. in conclusion, the combination of Ga with paclitaxel may increase the antitumor effects on paclitaxel-resistant TnBc via downregulating the SHH signaling pathway.
Introduction
Breast cancer is the second leading cause of cancer-related mortality in women in the united States, with annual 255,180 diagnosed cases and 41,070 deaths reported in 2017 (1) . Triple-negative breast cancer (TnBc), which accounts for ~15% of all breast cancers, represents a collection of cancers that do not express estrogen receptor (er), progesterone receptor (Pr) and erb-b2 receptor tyrosine kinase 2 (Her2) (2) . Given the lack of expression of er, Pr and Her2, the effective treatment options for patients with TnBc are typically limited to cytotoxic therapies. However, the effect of chemotherapy is often diminished by the development of drug resistance (2) . acquired drug resistance refers to the scenario wherein patients that are initially sensitive to chemotherapy eventually develop resistance during treatment (2, 3) . exploring how cancer cells can eliminate the damaging effect of chemotherapeutic drugs and how to improve drug sensitivity are important strategies for treating cancer. Therefore, novel chemotherapy strategies must be developed. combining chemotherapeutics with traditional chinese medicine can result in cooperative effects, reduction in the required doses of chemotherapeutics, and consequently low drug toxicity, decreased side effects and reduced drug resistance (4, 5) .
Gambogic acid (Ga), which is the main active ingredient of gamboge, is a brownish to orange dry resin that is secreted from Garcinia hanburyi, a plant widely found in nature. Previous studies (6) (7) (8) have revealed that Ga has potent antitumor effects on TnBc cells in vitro and in vivo. in addition, Ga could reverse docetaxel resistance in gastric cancer, cisplatin resistance in lung cancer, doxorubicin resistance in breast and ovarian cancers, 5-fluorouracil resistance in colorectal cancer, and multidrug resistance in epithelial cancer (9) (10) (11) (12) . However, the effect of Ga on paclitaxel-resistant TnBc remains unknown, and the mechanisms by which Ga induces anticancer effects remain to be elucidated.
in the present study, the results revealed that Ga treatment inhibited proliferation and induced apoptosis of paclitaxel-resistant TnBc cells through the sonic hedgehog (SHH) signaling pathway. The current study reported that Ga overcame drug resistance and may therefore serve as a combination treatment for TnBc therapy. Cell proliferation assay via real-time cell impedance analysis (RTCA). For rTca, the xcelligence system (roche applied Science) was applied to dynamically monitor cell proliferation rates. The assay was executed according to the manufacturer's instructions. The impedance was indicated as cell index. rTca software, supplied by the manufacturer, was used to analyze the measurements.
Materials and methods

Cell
Cell viability assay. cell viability was examined by the cell counting Kit-8 (ccK8) assay (Beyotime institute of Biotechnology). Briefly, MDA-MB-231 and MDA-MB-468 cells were trypsinized and seeded at 3,000 cells/well in a 96-well plate. after culturing for the indicated time (0, 24, 48 and 72 h), 10 µl of ccK-8 reagent was added into each well and incubated at 37˚C. After 3 h, the absorbance of each well was measured using a Multiskan MK3 spectrophotometer set at a wavelength of 450 nm.
Colony formation assay. Paclitaxel-resistant Mda-MB-231 and Mda-MB-468 cells (400 cells/well) were seeded in 6-well plates. After 1 week of culture, the colonies were fixed with methanol at room temperature for 20 min, stained with 0.1% crystal violet (Beyotime institute of Biotechnology) for 20 min, and the images of the stained colonies were captured using a cKX41 light microscope (olympus corporation). The number of colonies was counted from the images.
Flow cytometry. The apoptotic rate of cells was examined via the annexin V and propidium iodide (Pi) double-staining method, according to the manufacturer's instructions (nanjing KeyGen Biotech co., ltd.). The stained cells were immediately analyzed via flow cytometry using ModFit lT 3.0 (Verity Software House, inc.).
Reverse transcription-quantitative PCR (RT-qPCR). Total rna from cells was isolated using Trizol reagent (invitrogen;
Thermo Fisher Scientific, Inc.), according to the manufacturer's protocol. cdna was synthesized from 1 µg total rna using a PrimeScript rT reagent kit with gdna eraser (Takara Biotechnology co., ltd.), according to the manufacturer's instructions. qPcr was performed using SYBr Premix ex Taq (Takara Biotechnology co., ltd.). The thermocycling conditions were: 5 min at 95˚C, followed by 40 cycles of 30 sec at 95˚C, 60 sec at 60˚C and 30 sec at 72˚C; 1 sec at 99˚C; 15 sec at 59˚C; 1 sec at 95˚C; followed by cooling to 40˚C. β-actin was used as the internal reference control. relative fold changes in mrna expression were calculated using the formula 2 -ΔΔcq (13) . The primer sequences were: SHH, forward 5'-ccc aaT Tac aac ccc Gac aTc-3' and reverse 5'-Tca ccc Gca GTT Tca cTc cT-3'; patched 1 (PTcH1), forward 5'-TGa Gac TGa cca cGG ccT G-3' and reverse 5'-acc cTc AGT TGG AGC TGC TTC-3'; GLI family zinc finger 1 (GLI1), forward 5'-aGG GcT Gca GTa aaG ccT Tca-3' and reverse 5'-cTT Gac aTG TTT TcG caG cG-3'; and β-actin, forward 5'-GaT caT TGc Tcc Tcc TGa Gc-3' and reverse 5'-acT ccT GcT TGc TGa Tcc ac-3'.
Western blot analysis. The protein expression levels of SHH, PTcH1, Gli1, Bcl-2, BaX, and cleaved caspase-3 were analyzed via western blot assay. Total proteins were extracted from tissues using the T-Per Tissue Protein extraction reagent (Pierce; Thermo Fisher Scientific, inc. Immunohistochemistry. The expression of SHH in the xenograft tumors was detected as described previously (4), using an anti-SHH antibody (1:200; cat. no. ab19897; abcam). The tumors were rinsed in PBS, followed by fixation with 3% neutral formalin for 24 h at room temperature. Paraffin-embedded sections of tumor tissue (4 µm thick) were deparaffinized in xylene, rehydrated via graded alcohol solutions, blocked in methanol containing 3% hydrogen peroxide for 10 min at room temperature, and then incubated with SHH antibody at 4˚C overnight. Following rinsing with PBS solution, biotinylated goat anti-rabbit serum igG (1:2,000; cat. no. ab64256; abcam) was used as secondary antibody for 2 h at room temperature and streptavidin peroxidase complex reagent was applied for 1 h at room temperature. Finally, the sections were incubated in a 3,3'-diaminobenzidine solution at room temperature for 10 min and then counterstained with hematoxylin for 3 min at room temperature. Ten randomly selected visual fields per section were examined under a light microscope in order to evaluate the SHH expression.
Animal studies. all experiments involving animals were approved by the animal care and Welfare committee of WeiFang People's Hospital (permit no. WF2016032702). Female BALB⁄c nude mice (n=24; age, 4 weeks; weight, 20-25 g) were procured from the laboratory animal center of YangZhou university (YangZhou, china) and maintained under specific pathogen-free conditions (26-28˚C, air pressure difference 10-20 kPa, 10-h light/14-h dark cycle, food and water provided ad libitum). animal health and behavior were monitored every day. Paclitaxel-resistant Mda-MB-231 (5x10 6 cells/mouse, suspended in 200 µl normal saline) were subcutaneously injected into the right flanks of athymic nude mice. Seven days post-injection, the mice were divided into four groups (n=6 per group) and subjected to different treatments as follows: Group 1, saline control administration; group 2, 5 mg/kg paclitaxel administration; group 3, 2 mg/kg Ga administration; group 4, 2 mg/kg Ga + 5 mg/kg paclitaxel combined administration. The intravenous administrations were done once every other day for 14 days. Tumor volume (mm 3 ) was calculated every 3 days using the formula V= 0.5x length x width 2 . All mice were sacrificed by cervical dislocation after 14 days of treatments. Tumors were collected and photographed at 2 weeks after treatments.
Statistical analysis. all experiments were performed in triplicate. unless otherwise indicated, the data were presented as mean ± SD. Statistical significance was determined using SPSS 13.0 (SPSS, inc.). differences between two groups were assessed using Student's t-test (two-tailed). data from more than two groups were analyzed using one-way anoVa followed by Tukey's test. P<0.05 was considered to indicate a statistically significant difference.
Results
Establishment of the paclitaxel-resistant TNBC cells.
To explore the potential anticancer effect of Ga on paclitaxel-resistant TnBc, the TnBc cell lines Mda-MB-231 and Mda-MB-468 were cultured with 1 µM paclitaxel for 60 days in order to establish paclitaxel-resistant cells (termed thereafter Mda-MB-231r and Mda-MB-468r, respectively). Mda-MB-231r and Mda-MB-468r cells grew significantly slower compared with the drug-sensitive parental cells (termed Mda-MB-231P and Mda-MB-468P, respectively; Fig. 1A and B ). In order to confirm the establishment of paclitaxel-resistant TnBc cells, the sensitivity to paclitaxel of Mda-MB-231 cells and Mda-MB-468 cells was analyzed. results of ccK-8 assay demonstrated that the sensitivity to paclitaxel of Mda-MB-231r and MDA-MB-468R cells was significantly reduced compared with the Mda-MB-231P and Mda-MB-468P cells, respectively ( Fig. 1c and d ). in addition, The ic 50 of paclitaxel in Mda-MB-231r and Mda-MB-468r cells increased by ~4-fold and ~5-fold, respectively, compared with their parental cells ( Fig. 1e and F) . The dose of 5 µM paclitaxel was selected for further experiments, which was approximately the ic 50 of paclitaxel in the parental Mda-MB-231P and Mda-MB-468P cells.
To investigate the potential cytotoxic and antiproliferation effects of Ga, Mda-MB-231 and Mda-MB-468, parental and resistant, cells were cultured with different concentrations of Ga for 8 h. The results illustrated that treatment with Ga at concentrations >0.4 µM induced significant inhibition of Mda-MB-231 and Mda-MB-468 cell numbers, in both the parental and resistant cell lines, in a dose-dependent manner ( Fig. 1G and H) . To avoid the inhibitory effects of Ga, the non-inhibitory Ga concentration of 0.2 µM was selected for subsequent experiments in the present study.
Combination of paclitaxel and GA inhibits proliferation and induces apoptosis.
Mda-MB-231r and Mda-MB-468r cells were treated with 5 µM paclitaxel and/or 0.2 µM Ga in the subsequent experiments. To investigate the anticancer effect of Ga and paclitaxel on Mda-MB-231r and Mda-MB-468r cells, colony formation assays were performed ( Fig. 2a and B) . Treatment of Mda-MB-231r and Mda-MB-468r cells with paclitaxel or Ga alone only weakly inhibited cell colony formation. However, the combination treatment resulted in fewer colonies compared with paclitaxel or Ga treatment alone ( Fig. 2a and B ). in addition, the cell apoptosis rate was determined by flow cytometry analysis. The combination of paclitaxel and Ga resulted in increased apoptosis compared with paclitaxel or Ga treatment alone ( Fig. 3c and d) . Furthermore, western blot analysis was used to detect the expression of cleaved caspase-3, Bcl-2 and BaX in the Mda-MB-231r and Mda-MB-468r cells following the indicated treatments. The results demonstrated that the combination treatment significantly increased the expression of cleaved caspase-3 and BaX and decreased the expression of Bcl-2 than either agent alone ( Fig. 2e and F) . These results demonstrated that Ga enhanced the cytotoxicity effects of paclitaxel in resistant TnBc cells. GA sensitizes MDA-MB-231R and MDA-MB-468R cells to paclitaxel by inhibiting the SHH pathway in vitro. a previous study has reported that the SHH signaling pathway is associated with paclitaxel resistance in breast cancer (14) . To investigate the underlying mechanisms of Ga reducing Mda-MB-231r and Mda-MB-468r cell drug resistance, the expression levels of SHH and its target genes Gli1 and PTcH1 were determined both at the protein and mrna level, via western blot and qPcr analyses, respectively. The results demonstrated that treatment of Mda-MB-231r and Mda-MB-468r cells with paclitaxel or Ga alone only weakly decreased the expression of SHH, Gli1 and PTcH1, both at the protein and mrna level ( Fig. 3a-d) . However, the combination of paclitaxel and GA significantly inhibited the expression of SHH, GLI1 and PTcH1 compared to either agent alone ( Fig. 3a-d) . These data indicated that combination of Ga with paclitaxel enhanced the antitumor effects of paclitaxel in resistant TnBc cells through inactivation of the SHH signaling pathway in vitro.
GA increases the sensitivity to paclitaxel in resistant TNBC cells in vivo. next, the effect of Ga on the sensitivity toward paclitaxel of Mda-MB-231r cells was investigated in vivo, via a mouse model. after 14 days of treatments, the tumors were removed and photographed (Fig. 4a) . The volume and weight measurements of the excised xenograft tumors revealed that combination of Ga with paclitaxel resulted in significantly reduced tumor growth ( Fig. 4B and C) . These data indicated that GA significantly enhanced the antitumor effect of paclitaxel in paclitaxel-resistant TnBc cells.
GA sensitizes TNBC to paclitaxel through inhibiting the SHH pathway in vivo. To explore the potential mechanism of Ga enhancing drug sensitivity in vivo, immunohistochemistry and qPcr analyses were performed on the xenograft tumor tissues. The results revealed that paclitaxel or Ga treatment alone only weakly inhibited the expression of SHH in the tumor tissues ( Fig. 5a and B) . However, the combination paclitaxel and GA treatment significantly decreased the expression of SHH in the xenograft tumors compared with paclitaxel alone (Fig. 5a and B ), suggesting that Ga sensitized TnBc cells to paclitaxel via inhibiting the SHH pathway in vivo.
To further investigate the mechanism of the combination treatment on tumor growth, the protein expression levels of cleaved caspase-3, Bcl-2 and BaX were detected by western blotting. in accordance with the results of the in vitro experiments, the combination of paclitaxel and Ga markedly enhanced the expression levels of cleaved caspase-3 and BaX and decreased the expression levels of Bcl-2 in the xenograft tumors, compared with either agent alone (Fig. 5c ).
Discussion
drug resistance is a serious problem that leads to therapeutic failure in breast cancer. The mechanisms underlying drug resistance are poorly understood and overcoming drug resistance is an important endeavor that must be achieved in order to increase the overall survival of patients with cancer. natural plant products, such as Ga, have been extensively investigated for their potential to reverse drug resistance, which would be beneficial in the success of chemotherapy treatments. In the present study, the mechanism by which Ga overcomes drug resistance was investigated in TnBc.
Ga is a candidate drug that has been approved by the china Food and drug administration for a phase ii clinical trial in solid tumor therapy (15) . Previous studies showed that Ga could induce apoptosis in a broad range of human cancers (4, 6, 7, 16, 17) . Furthermore, Ga treatment combined with chemotherapeutic drugs resulted in a synergistic effect on the chemotherapeutic efficacy against drug-resistant cancer cells (9) (10) (11) (12) . Therefore, Ga could possibly overcome the paclitaxel resistance in TnBc by promoting apoptosis.
To explore the potential of Ga to overcome paclitaxel resistance in TNBC cells, the present study first established the paclitaxel-resistant TnBc cancer cell lines Mda-MB-231r and Mda-MB-468r. compared with paclitaxel alone, the combined application of paclitaxel and Ga synergistically reduced the colony formation abilities of Mda-MB-231r and MDA-MB-468R cells. The results of flow cytometry and western blot analyses demonstrated that the additive effect of Ga to paclitaxel was accompanied by an enhanced apoptosis. Similarly, other previous studies have also reported that Ga combined with other chemotherapeutic drugs could enhance the apoptosis rate of drugs in a broad range of cancer cells (9) (10) (11) (12) . in summary, the present study demonstrated that GA significantly decreased the cell viability and enhanced the cells apoptosis of Mda-MB-231r and Mda-MB-468r cells induced by paclitaxel. These data indicated that Ga could increase the sensitivity to paclitaxel in paclitaxel-resistant TnBc.
The SHH signaling pathway is crucial for regulating various cell processes, such as proliferation, cell growth, survival, inflammatory response and apoptosis (18). Enhanced activation of the SHH pathway is linked to the development and progression of several types of cancer and to chemotherapy resistance (18). a recent study reported that the inactivation of the SHH signaling pathway is involved in the success of chemotherapy-induced apoptosis in breast cancer (14) . in the present study, the results indicated that Ga might enhance the drug sensitivity of paclitaxel in human breast cancer by inactivating the SHH signaling pathway. apoptosis constitutes a fundamental intrinsic mechanism underlying tumor suppression, and the resistance of apoptosis is a well-established aspect of cancer (19) . The activation of the SHH pathway promotes cell survival, upregulates Bcl-2 and downregulates cleaved caspase-3 and BaX, which are key regulators of apoptosis (14) . in the present study, the results demonstrated that GA and paclitaxel treatment significantly increased the expression of cleaved caspase-3 and BaX and decreased the expression of bcl-2, via modulating the activation of the SHH signaling pathway. These findings suggested that Ga reversed drug resistance in TnBc cells by inhibiting the SHH signaling pathway, indicating that Ga could be a potentially useful natural therapy for overcoming drug resistance in vitro. a limitation of the present study is that only the SHH pathway was investigated in regards to the role of Ga in paclitaxel-resistant TnBc. Future studies will investigate the potential involvement of the other signaling pathways in Ga paclitaxel sensitization.
in the present study, a xenograft paclitaxel-resistant TnBc tumor model was generated in nude mice through subcutaneous inoculation of Mda-MB-231r cells, in order to evaluate the effect of Ga on the drug sensitivity and the SHH signaling pathway in vivo. as expected from the in vitro results, the combination of paclitaxel and GA significantly reduced the tumor size and inactivated the SHH signaling pathway in the xenograft tumors. in addition, the combination of paclitaxel and Ga significantly enhanced the expression of cleaved caspase-3 and BaX and reduced the expression of Bcl-2 in the xenograft tumors, compared with either treatment alone. These results were consistent with the present findings in vitro.
in conclusion, the present results revealed that Ga treatment inhibited proliferation and induced apoptosis in paclitaxel-resistant TnBc cells, by inhibiting the SHH signaling pathway in vitro and in vivo. These findings indicated that Ga may be a promising adjuvant drug for the therapy of paclitaxel-resistant TnBc.
